University of Nebraska - Lincoln

DigitalCommons@University of Nebraska - Lincoln
Papers in Natural Resources

Natural Resources, School of

2017

The roles of ecology, behavior and effective population size in the
evolution of a community.
C.M. Hung
S. Drovetski
R. M. Zink
University of Nebraska - Lincoln

Follow this and additional works at: https://digitalcommons.unl.edu/natrespapers
Part of the Natural Resources and Conservation Commons, Natural Resources Management and
Policy Commons, and the Other Environmental Sciences Commons

Hung, C.M.; Drovetski, S.; and Zink, R. M., "The roles of ecology, behavior and effective population size in
the evolution of a community." (2017). Papers in Natural Resources. 1413.
https://digitalcommons.unl.edu/natrespapers/1413

This Article is brought to you for free and open access by the Natural Resources, School of at
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Papers in Natural
Resources by an authorized administrator of DigitalCommons@University of Nebraska - Lincoln.

Received: 15 November 2016

|

Revised: 14 April 2017

|

Accepted: 17 April 2017

DOI: 10.1111/mec.14152

ORIGINAL ARTICLE
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Abstract
Organismal traits such as ecological specialization and migratory behaviour may
affect colonization potential, population persistence and degree of isolation, factors
that determine the composition and genetic structure of communities. However,
studies focusing on community assembly rarely consider these factors jointly. We
sequenced 16 nuclear genes and one mitochondrial gene from Caucasian and European populations of 30 forest-dwelling avian species that represent diverse ecologi-
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cal (specialist–generalist) and behavioural (migratory-resident) backgrounds. We
tested the effects of organismal traits on population divergence and community
assembly in the Caucasus forest, a continental mountain island setting. We found
that (i) there is no concordance in divergence times between the Caucasus forest
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bird populations and their European counterparts, (ii) habitat specialists tend to be
more divergent than generalists and (iii) residents tend to be more divergent than
migrants. Thus, specialists and residents contribute to the high level of endemism of
Caucasus forest avifauna more than do generalists and migrants. Patterns of genetic
differentiation are better explained by differences in effective population sizes, an
often overlooked factor in comparative studies of phylogeography and speciation,
than by divergence times or levels of gene flow. Our results suggest that the Caucasus forest avifauna was assembled through time via dispersal and/or multiple vicariant events, rather than originating simultaneously via a single isolation event. Our
study is one of the first multilocus, multispecies analyses revealing how ecological
and migratory traits impact the evolutionary history of community formation on a
continental island.
KEYWORDS

coalescence, community assembly, comparative phylogeography, ecological specialization,
migration, multilocus

1 | INTRODUCTION

the evolution of sister populations in different communities? and
Why are some species not differentiated? Two processes, vicariance

Communities consist of species from varying phylogenetic back-

and dispersal, or a combination of them cause sister taxa in different

grounds (Gillespie, 2004; Webb, Ackerly, McPeek, & Donoghue,

communities to diverge (Darlington, 1959; Rosen, 1978; Zink, Black-

2002). Some species are shared between communities, whereas

well, & Ronquist, 2000). A vicariance hypothesis suggests that histor-

others are distantly related to species in other communities. Neigh-

ically widespread species were isolated by a dispersal barrier leading

bouring communities often include species that are each other’s sis-

to simultaneous fragmentation of the entire species assemblage. If

ter taxon. Two questions of evolutionary interest are: What drives

so, congruent divergence times across population pairs of species

Molecular Ecology. 2017;26:3775–3784.
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are expected. A second hypothesis involves repeated colonizations

Palearctic organisms could have survived through several glaciation

to one community over time, a model that yields a range of genetic

cycles (Hewitt, 2000, 2004; Hung, Drovetski, & Zink, 2012; Seddon,

divergences among sister taxa. As to why species are shared across

Santucci, Reeve, & Hewitt, 2002). The forest avian community in the

communities, hypotheses include insufficient time for divergence,

Caucasus might have been established around late Pleistocene accord-

large effective population sizes (Ne) or ongoing gene flow, all of

ing to fossil evidence (Tyrberg, 1998), but studies based on more evi-

which can inhibit independent evolution in sister populations, either

dence are needed. Two-thirds of European bird species are

alone or acting in concert.

represented by endemic subspecies with distinct phenotypes in the

Community composition is likely too complex to be explained by a

Caucasus (Stepanyan, 2003). Thus, the Caucasus can be viewed as a

simple vicariance or dispersal model (Riddle, 2016; Zink et al., 2000).

forest island in which the avian community diverged from its European

For example, some less vagile species might reflect past vicariance,

counterpart via vicariant events, dispersal or a combination. Pheno-

whereas highly dispersive species might be less affected by an isolat-

typic characteristics of Caucasian taxa suggest a unique evolutionary

ing barrier and represent more recent or ongoing immigration to a

history for the Caucasus avifauna and provide a suitable system for

community (Smith et al., 2014). Most areas, especially north temper-

examining the roles of biological traits and demographic history on

ate ones, have been affected by multiple environmental events due to

species divergence and resultant community evolution. In this study,

cyclic climate change, perhaps leading to a temporally nested hierarchy

we compared mitochondrial DNA (mtDNA), 15 nuclear introns and

of species’ divergences (Avise, 2000; Riddle, 2016). These factors hin-

one exon from the Greater Caucasus and European Russia (European

der the determination of which factors led to current species diver-

hereafter) populations for 30 forest-dwelling avian species that repre-

gences and community structure, requiring additional types of data.

sent diverse ecological and migratory backgrounds (Table 1). By esti-

Little attention has been directed to organismal traits such as degree

mating their divergence history, we examine four questions: (i) Was

of ecological specialization and migratory behaviour, which could influ-

the forest bird community in the Caucasus formed by a single vicariant

ence the divergence of sister taxa and ultimately community composi-

event or was it assembled over time via dispersal and/or multiple

tion (Papadopoulou & Knowles, 2016). For example, ecological

vicariant events? (ii) Does ecological specialization impact population

generalists might occur in different communities because intervening

divergence consistent with the SGVH predictions? (iii) Does migratory

habitats are not barriers to them, whereas specialists might be habitat

behaviour influence population divergence consistent with the

constrained (Joseph, Moritz, & Hugall, 1995).
The specialist–generalist variation hypothesis (SGVH) predicts

RMVH? and (iv) What are the roles of Ne, divergence time and gene
flow in population divergence across a barrier?

that populations of ecological specialists are more differentiated with
smaller effective population sizes (Ne) than populations of ecological
generalists (Li, Jovelin, Yoshiga, Tanaka, & Cutter, 2014). This prediction results from at least two factors: (i) habitat specialization can
lead to patchier distribution and less interpopulation gene flow and

2 | MATERIALS AND METHODS
2.1 | Taxon sampling and gene sequencing

(ii) specialists are more sensitive to fluctuations in resources or habi-

We chose 30 forest-dwelling birds including migrants and residents (in

tats and could experience repeated population bottlenecks (Li et al.,

the Caucasus) whose habitat affinities have been classified on a scale

2014). The authors found a wide range of invertebrate organisms

ranging from ecological generalists to specialists (Table 1), thereby

that fit with predictions of the SGVH regarding Ne, but the evidence

providing tests of the roles of ecology and migratory behaviour in pop-

for higher population differentiation in specialists was mixed, and

ulation divergence across a common barrier. We defined generalists as

the only vertebrate group examined, teleost fishes, did not support

species that live in either all four forest zones or three of the four for-

the hypothesis (Li et al., 2014). Migratory behaviour might enhance

est zones and small patches of arboreal vegetation within steppe and/

gene flow among populations because some individuals might not

or semidesert, whereas specialists occupy and only occupy one to

return to their natal or last breeding sites but move to geographically

three forest zones across European Russia (Figure 1).

distant breeding sites (Arguedas & Parker, 2000). If so, resident spe-

For each species, we analysed five individuals from the Cau-

cies are expected to have higher levels of population differentiation

casian population and five from the European population for each

and smaller Ne than migratory species. We refer to this idea as the

locus (the same individuals were not always sequenced for every

“resident–migrant variation hypothesis” (RMVH). Studies have shown

locus; see Table S1 for details). We sequenced the complete mtDNA

that resident populations are more differentiated than migratory

ND2 gene, 10 autosomal introns, five Z-linked introns (Hung,

ones in some avian species (Arguedas & Parker, 2000; Buerkle,

Drovetski, & Zink, 2016) and one autosomal exon (MC1R; MacDougall-

1999; Riou et al., 2011). However, these studies involved limited

Shackleton, Blanchard, & Gibbs, 2003) for these samples. For loci, in

taxon sampling and tests at the community level are lacking.

which we could not sequence at least four individuals for both popu-

The montane forest bird community of the Caucasus is isolated

lations, we removed the data from further analyses. Despite the

by over 700 km from Palearctic forests by the Black Sea on the

sampling gaps, our data matrix included 384 species 9 locus com-

west, the Caspian Sea on the east, and by arid grasslands and semi-

parisons. See Hung et al. (2016) for details of gathering and analysis

deserts on the north and south, respectively (Figure 1). Studies have

of sequences, including treatment of indels and phasing of geno-

shown that the Caucasus could be a Pleistocene refuge where

types.
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F I G U R E 1 Map of Europe (above; mountainous areas shaded) and habitat types of European part of Russia (below). Habitat types 2–5 are
four forest zones

levels of gene flow for groups of specialists, generalists, migrants or

2.2 | Simultaneous divergence test

residents. We tested three models of gene flow with uniform prior

(Huang, Takebayashi, Qi, & Hickerson,

distributions of migration: rate = 0 (isolation), from 0 to 1 (low

2011) was used to test for simultaneous divergence between Cau-

migration) and from 0 to 10 (high migration) migrants per generation.

casian and European populations across species with the same

Second, we estimated the level of congruence in divergence times for

The program

MTML-MSBAYES

is a hier-

each group under the model of gene flow with the highest support.

archical approximate Bayesian computation (hABC) method that can

The scales of substitution rates for each locus were set to match with

use multiple genes to infer the temporal pattern of divergence

those used in the isolation-with-migration (IMa; Hey & Nielsen, 2007)

across multiple species pairs with postdivergence gene flow. We per-

analyses (see the IMa method section below). The prior ranges of

formed a two-step analysis: first, we compared models with different

divergence time were refined according to the posterior probability

migratory statuses or ecological specialization.

MTML-MSBAYES

3778
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populations (Wakeley’s ΨW; Wakeley, 1996). The summary statistic
vector was reordered by the total average pairwise differences

Scientific name

Common name

Status

Specialization

between two descendant populations (pb; Nei & Li, 1979). For each

Aegithalos caudatus

Long-tailed tit

R

S3

analysis, we generated three million simulated data sets.

Anthus trivialis

Tree pipit

M

G4

Carduelis carduelis

European goldfinch

R

G4

Carpodacus erythrinus

Common rosefinch

M

G5

Certhia familiaris

Eurasian treecreeper

R

S2

Chloris chloris

European greenfinch

R

S3

Coccothraustes
coccothraustes

Hawfinch

R

G5

Cyanistes caeruleus

Eurasian blue tit

R

G4

Erithacus rubecula

European robin

R

G5

Ficedula hypoleuca/
semitorquata

Pied/Semi-collared
flycatcher

M

S3

Ficedula parva

Red-breasted
flycatcher

M

S2

Fringilla coelebs

Common chaffinch

Because

MTML-MSBAYES

was criticized for problems with uniform

prior distributions that might cause a bias towards synchronous
divergence (Hickerson et al., 2014; Oaks et al., 2013, 2014), we also
used a modified hABC method,
mented in

PYMSBAYES

DPP-MSBAYES

(Oaks, 2014) imple-

(http://joaks1.github.io/PyMsBayes/), which

allowed more flexible prior distribution and used a Dirichlet process
prior on divergence models. We set exponential prior distributions
for population parameters (population size, divergence time and
migration rate) according to the IMa estimates.

2.3 | Genetic divergence estimation

R

We calculated the FST values for each gene between the two populations using the program

G5

DNASP

5 (Librado & Rozas, 2009). Consider-

ing the effects of different Ne and substitution rates among genes,

Garrulus glandarius

Eurasian jay

R

S2

Lanius collurio

Red-backed shrike

M

G5

Muscicapa striata

Spotted flycatcher

M

G6

Parus major

Great tit

R

G4

introns and autosomal exons) as DB = B* (Aave/Bave), where DB and

Periparus ater

Coal tit

R

S2

B is the adjusted and original FST values of the focal locus, respec-

Phylloscopus collybita

Common chiffchaff

M

S3

tively, and Aave and Bave denote the average FST values among auto-

Phylloscopus sibilatrix

Wood warbler

M

S3

somal introns and loci with the same type as the focal locus,

Prunella modularis

Dunnock

R

S1

respectively (Li et al., 2013).

Pyrrhula pyrrhula

Eurasian bullfinch

R

S3

Regulus regulus

Goldcrest

R

S2

Sitta europaea

Eurasian nuthatch

R

S2

Spinus spinus

Eurasian siskin

R

S3

We estimated demographic parameters using a coalescence-based

Sylvia atricapilla

Eurasian blackcap

M

S3

model, IMa (Hey & Nielsen, 2007), based on mtDNA and all nuclear

Sylvia communis

Common whitethroat

M

G4

Troglodytes troglodytes

Eurasian wren

R

S2

Turdus merula

Common blackbird

R

S2

Turdus philomelos

Song thrush

M

S3

we adjusted FST values for different types of loci before averaging
them to obtain average FST values for each species. We adjusted the
FST values of loci other than autosomal introns (i.e., mtDNA, Z-linked

2.4 | Demographic history analyses

loci. These loci were neutral and had no intralocus recombination
(Hung et al., 2016), fitting the assumptions of the IMa model. We
used IMa to estimate the migration rates between Caucasian and
European populations in both directions (m1 and m2; m = M/l, l is
the geometric mean of the substitution rates of genes), effective

Status: M—migrant; R—resident. Specialization: G—generalist; S—specialist.
Number—number of habitat types occupied by the species. See Figure 1
for habitat types.

population sizes of the two populations and their common ancestor
(h1, h2 and hA, respectively; h = 4Nel), and divergence times (t = Tl).
The Infinite Sites model was used for the nuclear loci fitting the

distributions of preliminary runs to reduce unsampled prior ranges

assumptions of the model, and for the other loci, the Hasegawa–

(Fig. S1; Hickerson et al., 2014; Oaks, Linkem, & Sukumaran, 2014).

Kishino–Yano model was used. Each run involved 1–2 9 107 steps

The hABC method compared a vector of summary statistics

after a burn-in of 106 steps, employing 30–40 Markov chain Monte

between empirical and simulated data sets for model choice and

Carlo chains with geometric heating. Plots of parameter MCMC

examined temporal congruence of divergence time. We chose five

chains were examined for good mixing with no trend lines to ensure

summary statistics: (i) the average number of pairwise differences

convergence in parameter estimates. The effective sample size val-

among all sequences in each species (p; Tajima, 1983), (ii) net aver-

ues were at least 50 (as recommended in the IMa documentation).

age pairwise differences between two descendant populations (pnet;

In addition, at least two independent runs were performed to assure

Takahata & Nei, 1985), (iii) the number of segregating sites in each

convergence. Parameters that did not have a clear peak in their pos-

species normalized for sample size (hW; Watterson, 1975), (iv) the

terior probability distributions were excluded from further analyses

standard deviation of the difference between p and hW (SD(p

hW);

whereas other parameters in the same model with a clear peak that

Tajima, 1989) and (v) a derivation of the interpopulation correlation

was consistent between runs, suggesting that the estimated values

coefficient

were strongly informative, were included.

of

the

number

of

pairwise

differences

between

HUNG
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We converted the l-scaled demographic parameters of IMa to

the relationship between habitat specialization and population

real values (i.e., Ne in the unit of individual and T in the unit of year).

parameters, we conducted linear regression tests, in which Prunella

To convert the scaled parameters, we calculated the geometric mean

modularis was coded as less specialized (S2) and Muscicapa striata

of the substitution rates of these loci by multiplying the sequence

as less generalized (G5). We also used ANCOVA to control for

lengths by 1.35 9 10

habitat specialization, to test the effect of migratory status on the

9

substitutions site

introns (Ellegren, 2007), 1.62 9 10

9

1

year

1

for autosomal

substitutions site

Z-linked introns (Ellegren, 2007), 8.91 9 10

10

1

year

1

for

FST values. We used the peak posterior probability values of IMa

1

parameters for the statistic analyses, rather than the distributional

substitutions site

for MC1R (given the pnet of MC1R between the two popula-

ranges or credible intervals. We think this is better way to compare

tions of the study species was 0.66 times of that of autosomal

the results of independent IMa analyses because the posterior

introns) and 2.9 9 10

for ND2 (Lerner,

probability distribution ranges of IMa parameters are conditioned

Meyer, James, Hofreiter, & Fleischer, 2011). We set the generation

on their prior probability distribution ranges, which are often arbi-

times to 2 years by multiplying the age at sexual maturity by two

trarily set.

year

1

8

substitutions site

1

year

1

(Hung et al., 2016; Nadachowska-Brzyska, Li, Smeds, Zhang, &
Ellegren, 2015).

We believe that it is not necessary to correct for phylogenetic
correlation in the analyses because the variables are (i) parameters
(e.g., FST and T) calculated between pairs of closely related populations or species that have common ancestors not shared with other

2.5 | Statistical analysis

study species so that they are independent or (ii) characters (e.g.,

We resampled the FST and IMa parameter values within each group

migratory behaviour and ecological niche breath) that respond to

(i.e., migrants, residents, specialists or generalists) 1,000 times using

natural selection relatively quickly compared with time required for

version 3.1.0 (R Core Team, 2014)

new species or genera to evolve so that phylogenetic inertia is

and calculated the bootstrapped mean and standard error (SE) of

likely absent (Felsenstein, 1985; Westoby, Leishman, & Lord, 1995).

the values for each group. Thus, we could compare the mean val-

Some even argue that unnecessary phylogenetic correlation may

ues (SE) between groups. We used linear regression to assess the

introduce biases in analyses by misinterpreting the effect of

effect of habitat specialization on population divergence parameters

homogenous selection forces as signal of phylogenetic inertia

(i.e., FST, T and T/Ne), Ne and the levels of gene flow (MNe) of spe-

(Rohle, 2006; Westoby et al., 1995). Nevertheless, we used the

cies. Only one species (Prunella modularis) had the highest level of

phylogenetic generalized least squares regression approach that

habitat specialization (S1) and a relatively high FST value (0.453) and

controls for phylogenetic relatedness (Grafen, 1989; Pagel, Meade,

only one (Muscicapa striata) had the lowest level of habitat special-

& Barker, 2004) on the same data set to confirm the negligible

ization (G6) and a relatively low FST value (0.016; Table 1, Figure 2;

impact of phylogenetic correlation in the analyses (see Supporting

see Results for details). To test if these two outliers were biasing

Information for details).

the bootstrapping function in

R

F I G U R E 2 (a) Relationship between the average FST values and habitat specialization of species and (b) average FST values of resident and
migratory species. Habitat specialization is indicated by the number of habitat types the species use. **p-values <.01
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were not significantly correlated with the levels of habitat specializa-

3 | RESULTS

tion (p = .999, R2 = 1.3 9 10

8

, N = 25; Fig. S10). The T values of

habitat specialists (0.650  0.131 Ma, N = 15) were not significantly

3.1 | Divergence between members of the
Caucasus forest avifauna and their European
counterparts

different from those of generalists (0.785  0.187 Ma, N = 10).
However, the Ne values for Caucasian populations were positively
correlated with the levels of habitat specialization (p = .013,

analyses rejected simultaneous divergence for the

R2 = .209, N = 29; Fig. 3) although those of the European ones were

11 ecological generalists (the number of divergence events

not (p = .207, R2 = .063, N = 27; Fig. S11). The correlation coeffi-

The

MTML-MSBAYES

[Psi] = 7 was the best-supported; Fig. S2) and the 18 specialists

cient regarding the Caucasian population Ne remained significant

(Psi = 3 was the best-supported; Fig. S3), respectively, based on

(p = .033, R2 = .157, N = 29) when we recoded the two species with

the best-supported models of gene flow (Tables S2 and S3). Simul-

the most extreme levels of habitat specialization. Specialists had

taneous divergence was also rejected for the divergence across the

both smaller Caucasian Ne (187,727  44,223, N = 18) and Euro-

11 migrants (Psi = 9 was the best-supported; Fig. S4) and 18 resi-

pean Ne (308,376  73,856, N = 16) than generalists (Caucasian

dents (Psi = 4

was the best-supported; Fig. S5), respectively

Ne = 353,858  73,745, N = 11; European Ne = 512,016  151,645,

analyses also rejected simulta-

N = 11). Interestingly, specialists had larger T/Ne (the ratio of diver-

neous divergence for each of the migrants, residents, specialists

gence time to effective population size) for the Caucasian popula-

(Tables S4 and S5). The

DPP-MSBAYES

and generalists (Fig. S6). The results were consistent with the anal-

tions (2.983  0.805, N = 15) than generalists (1.506  0.648,

yses of the IMa model, which showed no congruence on diver-

N = 10), as did those for the European populations (specialists:

gence times for any of these groups (Figs S7 and S8). The

T/Ne = 2.184  0.638, N = 13; generalists: T/Ne = 0.869  0.253,

MTML-MSBAYES

N = 10). There was a marginally negative correlation between T/Ne

summary statistics of the study species calculated by
are provided in Table S6.

of the Caucasian populations and the levels of ecological specialization (p = .059, R2 = .146, N = 25) although a lower correlation coefficient for the European populations (p = .223, R2 = .070, N = 23;

3.2 | Levels of population differentiation relative
to ecological traits and migratory status

Fig. S12). The levels of gene flow (MNe) were not significantly corre-

Habitat specialists had approximately three times higher average

[MNe_Cau]: p = .764, R2 = .006, N = 17; gene flow from Caucasus

FST values between the Caucasian and European populations

to Europe [MNe_Eu]: p = .408, R2 = .053, N = 15; Fig. S13). The spe-

(0.144  0.032 [bootstrapped mean  SE], N = 18) than generalists

cialists’ MNe_Cau (0.181  0.117 individuals/generation [ind./gen.],

(0.050  0.013, N = 11). The FST values of species were negatively

N = 13) or MNe_Eu (2.009  1.322 ind./gen., N = 11) was not sig-

lated with habitat specialization (gene flow from Europe to Caucasus

correlated with the number of habitat types they occupied (i.e., the

nificantly different from the generalists’ MNe_Cau (0.201  0.180

levels of habitat specialization; p = .006, R2 = .246, N = 29; Fig. 2).

ind./gen., N = 4) or MNe_Eu (4.777  2.891 ind./gen., N = 4),

The correlation was still significant (p = .018, R2 = .190, N = 29)

respectively.

when we adjusted the levels of habitat specialization for Prunella

We found that resident species had smaller Ne and larger

modularis and Muscicapa striata. The FST values of resident species

T/Ne, consistent with higher FST values, but similar ranges of T and

(0.131  0.029, N = 18) were approximately twice as large than

MNe compared to migratory species. The residents’ T values

those of migratory species (0.069  0.029, N = 11; Fig. 2). When

(0.648  0.148 Ma, N = 14) were not larger than those of migrants

considering ecological and migratory traits jointly, resident special-

(0.765  0.138 Ma, N = 11; Fig. S10). By contrast, the Ne values for

ists had the highest FST values (0.165  0.042, N = 12) and migra-

Caucasian resident populations (135,707  37,991, N = 18) were

tory generalists had the lowest FST values (0.045  0.025, N = 5;

about three times smaller than those of migrants (415,588 

Fig. S9). When using the ANCOVA test to control for the signifi-

63,823, N = 11; Fig. 3), and this was also found for European popu-

cant effect of habitat specialization levels on the FST values

lations (residents: Ne = 214,643  46,521, N = 16; migrants: Ne =

(p = .015), we found that the effect of migratory status became not

646,354  137,021, N = 11; Fig. S11). The T/Ne values for Cau-

significant (p = .136) but the sample size for each category was

casian populations of residents (3.390  0.858, N = 14) were larger

small.

than those of migrants (1.066  0.209, N = 11), and this was also
found for European populations (residents: T/Ne = 2.115  0.715,

3.3 | Demographic history underlying the
population differentiation pattern

N = 12; migrants: T/Ne = 1.020  0.314, N = 11; Fig. S12). The residents’ MNe_Cau (0.125  0.065 ind./gen., N = 13) or MNe_Eu
(3.373  1.665 ind./gen., N = 11) was not significantly different

We found that more specialized species had smaller Ne and larger

from the migrants’ MNe_Cau (0.437  0.343 ind./gen., N = 4) or

T/Ne, consistent with higher FST values, whereas the estimated diver-

MNe_Eu (0.957  0.776 ind./gen., N = 4), respectively (Fig. S13). In

gent time (T) and the level of gene flow (MNe) were not correlated

addition, we found that geneflow levels were not significantly corre-

with species’ degree of habitat specialization. The estimated T values

lated with FST values across all study species (MNe_Cau: p = .493,

between the Caucasian and European populations estimated by IMa

R2 = .032, N = 17; MNe_Eu: p = .114, R2 = .181, N = 15; Fig. S14).
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F I G U R E 3 (a) Relationship between the effective population sizes of the Caucasian populations and habitat specialization of species and (b)
effective population sizes of the Caucasian populations for residents and migrants. *p-value <.05

4 | DISCUSSION

the Caucasus forest avifauna analysed here. Small Ne may reflect a
history of consistently small population size, population bottlenecks

Our results suggest that (i) there is little or no concordance across

or local extinction followed by recolonization (Fabbri et al., 2007;

species in divergence times between the Caucasus forest bird popu-

Mortro & Thomson, 1982). All scenarios theoretically can increase

lations and their European counterparts, (ii) specialists tend to be

genetic drift contributing to population differentiation, which is a

more divergent than generalists, (iii) resident species tend to be more

function of T/Ne; however, their effects have rarely been evaluated

divergent than migratory species and (iv) less differentiated species

at the community level.

have higher Ne but not necessarily higher levels of gene flow. That is

Although migration may increase the chances of an individual

the patterns are better explained by variation in Ne or T/Ne than by

breeding or settling relatively far from its site of hatch or last breed-

T or gene flow, with Ne of specialists/residents smaller than general-

ing (i.e., low levels of natal or breeding philopatry), leading to greater

ists/migrants. Thus, the level of endemism of forest avifauna in the

population mixing (Arguedas & Parker, 2000; Barrowclough, 1980;

Caucasus is a function of the proportion of residents and specialists.

Prochazka et al., 2011), our estimates of gene flow did not match
the expectation based on species’ migratory status (Bacon et al.,

4.1 | Character-associated responses to habitat
islands

2015). However, the sample sizes for geneflow estimates were smaller than those for Ne because 12 of 29 cases did not return a clear
peak in the posterior distribution of IMa migration estimate. It is

Biological characteristics of species that might predispose a species

uncertain whether (i) high levels of ongoing gene flow overwhelm

to be more subject to vicariance or dispersal have often been over-

the IMa model, (ii) recent divergence histories preclude disentangling

looked in biogeography (but see Li et al., 2014; Owens, Bennett, &

gene flow and ancestral variation (Runemark, Hey, Hansson, &

Harvey, 1999; Papadopoulou & Knowles, 2016). Here, we evalu-

Svensson, 2012) or (iii) insufficient data cause the estimate of gene

ated differences in species’ biological traits and found that ecologi-

flow to be unsettled.

cal

specialization

and

migratory

status

impact

population

The fact that most cases with unsettled geneflow estimates had

divergence, consistent with both SGVH and RMVH. The isolated

geographically unstructured networks or networks with a signal of

Caucasus forest apparently has a stronger effect on the divergence

introgression in mtDNA (11/12; Table S6; see Hung et al., 2016)

of resident birds that have narrower ecological (habitat) niche

supports the first cause. On the other hand, more than half of the

breadths than on those have wider niche space and undergo sea-

cases with geographically structured mtDNA networks (7/11), which

sonal migration.

indicate no gene flow between populations given that the mtDNA

Authors often attribute strong divergence between populations

data are neutral (Hung et al., 2016), showed nonzero gene flow in

to low gene flow and ignore other factors such as Ne (Marko & Hart,

IMa estimates (Table S6). This pattern suggests the second cause.

2011). We suggest that the effect of differences in Ne is stronger

For the first cause, strong (but immeasurable) gene flow could con-

than gene flow in affecting levels of divergence for the members of

tribute to less differentiation in migrants or generalists (no clear peak
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in seven of 11 cases); however, such cases are also found in resi-

divergence time estimates (Figs S7 and S8). However, the fossil-

dents or specialists but in slightly lower frequency (in five of 18

based estimates of establishment dates are dependent on assump-

cases). The second and third reasons are irrelevant to the levels of

tions gleaned from other species, and we consider this discrepancy

gene flow and thus may not bias the results. Although we cannot

interesting but not compelling. Also, the extent and temporal history

unambiguously quantify the impact of gene flow in population diver-

of the habitat gap is not clear. We believe that the wide distribution

gence, our study clearly shows the strong effect of Ne in affecting

of divergence times is most consistent with the hypothesis of asyn-

levels of population divergence.

chronous colonizations and/or a series of complex vicariant events.
Such an evolutionary history would be consistent with the observa-

4.2 | Asynchronous origins of Caucasus forest
avifauna

tion that during the time forest has been present in the Caucasus,
there have been two or three glacial cycles (i.e., multiple vicariant
events), each of which might have influenced species differentially.

The species we studied all have widespread conspecific populations

That is, there could be nested tiers of evolutionary divergence repre-

or sister species in Europe. Therefore, it is likely that the source pool

sented in the Caucasus avifauna.

of species from which the Caucasus avifauna originated was European. We note that many species are undifferentiated in their European ranges (Akimova, Haring, Kryukov, & Kryukov, 2007; Bensch,
Irwin, Irwin, Kvist, & 
Akesson, 2006; Drovetski et al., 2004; Griswold

5 | CONCLUSIONS

& Baker, 2002; Hung, Drovetski, & Zink, 2013; Hung & Zink, 2014;

Simple dispersal or vicariance scenarios are likely overly simplistic for

€ rklund, & Baker, 1997; Mettler et al.,
Hung et al., 2012; Meril€a, Bjo

explaining the distribution of species in communities. The avifauna

2013; P€ackert, Martens, Kosuch, Nazarenko, & Veith, 2003; Pons,

on the Caucasus forest island was likely assembled through multiple

Thibault, Aymı, et al., 2015; Pons, Thibault, Fournier, et al., 2015;

vicariant events and/or repeated colonizations over time. Com-

Rodrigues et al., 2013; Sætre & Sæther, 2010; Salzburger, Martens, &

pellingly, we found that species’ ecological niche breadth and migra-

Sturmbauer, 2002; Song et al., 2015; Zink, 2005), and hence, it makes

tory

little difference if colonization of the forest avifauna in the Caucasus

community composition. The high species or genetic endemism in

have come from several parts of Europe, such as Central or Southern

the Caucasus can be particularly attributed to species with narrow

behaviour

impact

population

divergence

and

therefore

Europe or European Russia. The central question is whether the Cau-

ecological niches and a resident life history. In addition, Ne plays a

casus avifauna was formed via a single vicariant event or whether

critical, but often ignored, role in determining population differentia-

community assembly occurred over time (Yoder & Nowak, 2006).

tion related to species’ biological traits.

Although studies have suggested concordant divergence across

Higher levels of population differentiation in specialists/residents

species in some communities (Hickerson, Stahl, & Lessios, 2006;

compared with generalists/migrants indicate the former are more

, Crews, & Hickerson, 2007), statistical validation of these
Leache

likely to speciate than the latter. On the other hand, the former

(MTML-MSBAYES) analyses has recently been challenged owing to inap-

could also have higher rates of extinction due to their smaller Ne

propriate, uniform priors on divergence models (Oaks et al., 2013).

(Owens & Bennett, 2000). If so, net diversification (speciation minus

which allows more flexible priors and

extinction) rates of specialists/residents are not necessarily higher

found that neither analysis supports simultaneous divergence for our

than generalists/migrants. Nevertheless, higher speciation and extinc-

study species. Some authors have argued that a null hypothesis of

tion rates may result in higher turnover rates in specialists/residents

concordant divergence among taxon pairs across a complex system

than generalists/migrants, and this hypothesis warrants further study.

Thus, we used

DPP-MSBAYES,

of ecological or geographical barriers might be unreasonable (Oaks
et al., 2013; Papadopoulou & Knowles, 2015) because different
biomes or habitat types might diverge at different rates or present
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